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In this study, electronically-tunable, current-mode, square-root-domain, third-order low-pass
¯lter is proposed. The study is carried out with three circuit designs. First circuit is third-order
low-pass Butterworth ¯lter, second circuit is third-order low-pass Chebyshev ¯lter and the last
circuit is third-order low-pass elliptic ¯lter. All the input and output values of the ¯lter circuit
are current. Only grounded capacitors and MOSFETs are required in order to realize the ¯lter
circuit. Additionally, natural frequency f0 of the current-mode ¯lter can be adjusted electron-
ically using outer current sources. To validate the theory and to demonstrate the performance of
third-order ¯lter, frequency and time domain simulations of PSPICE program are used. To that
end, TSMC 0.35m Level 3 CMOS process parameters are utilized to realize the simulations of
the ¯lter.
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1. Introduction
A branch of companding (COMpressing-ExPANDING) circuits is square-root-do-
main circuits. They are suitable to VLSI (Very Large Scale Integration) technologies,
have a wide dynamic range, require only MOSFETs and grounded capacitors, pro-
vide low power under low voltage, operate at high frequencies and can be tuned
electronically using outer current sources. Considering these properties, companding
circuits are suitable for CMOS (Complementary Metal Oxide Semiconductor) VLSI
technology. Companding method applications are logarithmic-domain and square-root-
domain circuits. These circuits are the most widely used translinear circuits. Loga-
rithmic-domain circuits are proposed by Adams1 and then they have been studied by
Frey.2,3 The BJTs' or MOSFETs' exponential I–V (current–voltage) characteristics in
weak inversion region are used in basic translinear principle.4,5 The linear transcon-
ductor that was proposed by Bult6 is an elementary example of the quadratic law of
MOSFETs. Seevinck7 derived the MOS translinear (MTL) principle from the bipolar
translinear (BTL) principle.4 MTL principle uses quadratic relationship between the
voltage and current of the MOSFETs in saturation and strong inversion region.
Starting from state-space equation, likewise quadratic relationship between the
voltage and current of the MOSFETs, ¯lters performed by using analog processing
circuit blocks like square-root and squarer/divider circuit are called square-root-
domain ¯lters.8–13
Square-root-domain ¯rst-order ¯lter circuits,9–11 second order ¯lter circuits8,12,13
have been studied by various researchers. However, it has been seen that the studies
on square-root-domain third-order ¯lter circuits was found to be minimal. Third-
order ¯lter circuits obtained using OTA and OTRA are presented in Refs. 14–16.
For square-root-domain ¯lter design, a state-space-synthesis method, using Class
AB structure based on the MOS transistors square law is proposed in Ref. 17.
A third-order low pass elliptic ¯lter using a square-root-domain di®erentiator
is presented in Ref. 18. A third-order square-root-domain elliptic lowpass LC
(Inductance–Capacitance) ladder ¯lter is proposed in Ref. 19. A third-order ¯lter
circuit that provides band-pass, low-pass and high-pass ¯lter functions is proposed in
Ref. 20. A square-root-domain third-order voltage-mode low-pass Butterworth and
Chebyshev ¯lters are presented in Ref. 21.
In this study, square-root-domain, third-order, current-mode, low-pass Butter-
worth, Chebyshev and elliptic ¯lters are designed. To design the ¯lter circuit, state-
space synthesis method is used. Designed ¯lter circuit comprises two types of analog
processing circuit blocks like square-root and squarer/divider circuits. In addition to
these analog blocks, the proposed ¯lter circuit is composed of MOSFET current
mirrors, grounded capacitors, DC current sources and DC supply voltage. Since all
the input and output signals of the proposed low-pass circuit are current, it can be
de¯ned as current-mode. The natural frequency f0 of proposed low-pass ¯lter can be
adjusted electronically using outer current sources.
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2. The Proposed Current-Mode Third-Order Low-Pass Filter
Third-order, current-mode, square-root-domain, low-pass ¯lter transfer function can
be expressed as follows:
NðsÞ ¼ Iout
Iin
¼ !
2
01!02
s2 þ !01
Q
sþ !201
 
ðsþ !02Þ
; ð1Þ
where, Iin denotes the input current, Iout denotes the output current,Q stands for the
quality factor and !01 and !02 are the natural frequencies of the ¯lter circuit.
Third-order, current-mode, square-root-domain, low-pass ¯lter transfer function
can be converted to the following state-space equations21:
_x1 ¼ 
!01
Q
x1 þ !01x3 ; ð2Þ
_x2 ¼ !02x2 þ !02u ; ð3Þ
_x3 ¼ !01x1 þ !01x2 : ð4Þ
The output equation is21
yLP ¼ x1 ; ð5Þ
where y represents the output and u represents the input currents of the ¯lter.
Additionally, x1, x2 and x3 represent the state variables. They are drain currents of
MOSFETs. Square mappings are used on the state variables, Eqs. (2)–(4) can be
transformed into nodal equations set. Hence, Eq. (6) can be implemented to quan-
tities in equations.10
Ii ¼

2
ðVi  VthÞ2 i ¼ 1; 2; 3 ; ð6Þ
where Ii denotes drain current of MOSFET in saturation region,  ¼ 0C0xðW=LÞ
stands for transconductance, Vth represents the threshold voltage and Vi represents
the gate–source voltage of MOSFETs.
If we take the derivative of I1, I2 and I3, we get
_I i ¼ V
:
i
ffiffiffiffiffiffiffiffiffi
2Ii
p
i ¼ 1; 2; 3 : ð7Þ
The relation given above can be organized to yield the following nodal equations
which are applied to Eqs. (2)–(4):
CV
:
1 ¼ 
C!01
Q
ffiffiffiffiffiffiffiffiffi
2I1
p I1 þ
C!01ffiffiffiffiffiffiffiffiffi
2I1
p I3 ; ð8Þ
CV
:
2 ¼ 
C!02ffiffiffiffiffiffiffiffiffi
2I2
p I2 þ
C!02ffiffiffiffiffiffiffiffiffi
2I2
p IU ; ð9Þ
CV
:
3 ¼ 
C!01ffiffiffiffiffiffiffiffiffi
2I3
p I1 þ C!01ffiffiffiffiffiffiffiffiffi
2I3
p I2 : ð10Þ
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In these equations, C is a capacitor value resembling a multifunction factor. CV
:
1,
CV
:
2 and CV
:
3 in Eqs. (8)–(10) can be accepted as time-dependent currents that are
grounded via three capacitors.
The following equations I01, I02 and I03 can be de¯ned for use in Eqs. (8)–(10).ffiffiffiffiffiffi
Io1
p
¼ C!01ffiffiffi

p ; ð11Þ
ffiffiffiffiffiffi
Io2
p
¼ C!02ffiffiffi

p ; ð12Þ
ffiffiffiffiffiffi
Io3
p
¼ C!01ffiffiffi

p : ð13Þ
Additionally, quality factor adjusting current IQ de¯ned as given below via
Eqs. (8) and (11)
IQ ¼ I01=Q2 : ð14Þ
Equations (8)–(10) can be arranged as follows:
CV
:
1 ¼ 
ffiffiffiffiffiffiffiffiffiffi
IQI1
2
r
þ
ffiffiffiffiffiffiffiffiffiffiffi
Io1I
2
3
2I1
s
; ð15Þ
CV
:
2 ¼ 
ffiffiffiffiffiffiffiffiffiffiffi
Io2I2
2
r
þ
ffiffiffiffiffiffiffiffiffiffiffiffi
Io2I
2
U
2I2
s
; ð16Þ
CV
:
3 ¼ 
ffiffiffiffiffiffiffiffiffiffiffi
Io3I
2
1
2I3
s
þ
ffiffiffiffiffiffiffiffiffiffiffi
Io3I
2
2
2I3
s
: ð17Þ
Third-order, current-mode, square-root-domain, low-pass ¯lter circuit shown in
Fig. 1 has been actualized using Eqs. (15)–(17), where IU denotes the input current
and I1, I2 and I3 denote the output currents of ¯lter circuit. Additionally, using
Eqs. (11) and (12), !01 and !02 natural frequency of the ¯lter circuit can be deter-
mined depending on the Io1, Io2,  and C.
!01 ¼
ffiffiffi

p ffiffiffiffiffiffi
Io1
p
C
; ð18Þ
!02 ¼
ffiffiffi

p ffiffiffiffiffiffi
Io2
p
C
: ð19Þ
Using Eqs. (2)–(4), output variables of the square-root-domain third-order low-
pass ¯lter circuit can be determined on !01, !02 and Q.
I1 ¼
!201!02
s2 þ !01
Q
sþ !201
 
ðsþ !02Þ
IU ; ð20Þ
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Fig. 1. Square-root-domain third-order current-mode low-pass ¯lter circuit.
Electronically Tunable Current-Mode Third-Order Square-Root-Domain Filter Design
1850136-5
J C
IR
CU
IT
 S
Y
ST
 C
O
M
P 
20
18
.2
7.
 D
ow
nl
oa
de
d 
fro
m
 w
w
w
.w
or
ld
sc
ie
nt
ifi
c.
co
m
by
 T
U
BI
TA
K
 N
A
TI
O
N
A
L 
O
BS
ER
V
A
TO
RY
 (T
UG
) o
n 1
0/2
3/1
9. 
Re
-us
e a
nd
 di
str
ibu
tio
n i
s s
tri
ctl
y n
ot 
pe
rm
itte
d, 
ex
ce
pt 
for
 O
pe
n A
cc
ess
 ar
tic
les
.
I2 ¼
!01
ðsþ !02Þ
IU ; ð21Þ
I3 ¼
!01!02 sþ
!01
Q
 
s2 þ !01
Q
sþ !201
 
ðsþ !02Þ
IU : ð22Þ
In accordance with (20), the output of the circuit presented in Fig. 1 provides a
third-order noninverting low-pass ¯lter transfer function.
ILP ¼ I1 : ð23Þ
3. The Realization of Butterworth Output
Consequently, using the output of the circuit shown in Fig. 1 for Q ¼ 1 and
!01 ¼ !02 ¼ !0, third-order Butterworth low-pass ¯lter current transfer function is
accomplished as de¯ned in Eq. (24).
I1 ¼
!30
ðs2 þ !0sþ !20Þðsþ !0Þ
IU : ð24Þ
As a result, DC control currents I01, I02 and I03 can be chosen as below to obtain
Butterworth output.
I01 ¼ I02 ¼ I03 ¼ IQ : ð25Þ
4. The Realization of Chebyshev Output
If we accept the quality factor as Q 6¼ 1 and !01 6¼ !02 in Eqs. (14)–(16), third-order
square-root-domain low-pass Chebyshev ¯lter circuit can be performed. In accor-
dance with Eq. (22), the output of the circuit as shown in Fig. 1 provides a third-
order inverting low-pass Chebyshev ¯lter transfer function.
In case of Q 6¼ 1, the relation can be de¯ned by using Eqs. (18) and (19) between
I01 and I02, as given by Eq. (26):
I02 ¼ I01
!02
!01
 
2
; ð26Þ
with 1dB passband ripple and !0 ¼ 1 rad=s cut-o® frequency, third-order normalized
low-pass Chebyshev ¯lter's !01, !02 andQ values given in Eq. (14) are as shown below.
22
!01 ¼ 0:997 ; !02 ¼ 0:494 ; Q ¼ 2:018 : ð27Þ
In this case, DC control currents I01, I02 and I03 can be chosen as below to obtain
Chebyshev output.
I02 ¼ 0:2425I01 ; ð28Þ
I03 ¼ I01 ; ð29Þ
IQ ¼ 0:2425I01 : ð30Þ
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5. The Realization of Elliptic Output
The transfer function of third-order low-pass elliptic ¯lter can be written depending
on !01, !02 and Q as follows:
NðsÞ ¼ Iout
Iin
¼

!01
Q
þ !02
 
s2 þ !201!02
s2 þ !01
Q
sþ !201
 
ðsþ !02Þ
; ð31Þ
where  is a positive constant. The transfer function of third-order low-pass elliptic
¯lter can be signi¯ed by using a linear combination of ¯lter outputs I1, I2 and I3 as
shown in Eq. (32).
IElliptic ¼ K1I1 þK2I2 þK3I3 ; ð32Þ
where K1, K2 and K3 coe±cients are de¯ned as follows:
K1 ¼ 1

!01!02
1 1
Q2
 
; ð33Þ
K2 ¼

!02
; ð34Þ
K3 ¼

Q!02
: ð35Þ
The normalized transfer function of third-order low-pass elliptic ¯lter can be written
as follows23:
NðsÞ ¼ P ðsÞ
QðsÞ ¼
0:35225s2 þ 0:5987
s3 þ 0:84929s2 þ 1:14586sþ 0:5987 : ð36Þ
This transfer function can be rearranged by using factorization of denominator
polynomial of transfer function as given below:
NðsÞ ¼ P ðsÞ
QðsÞ ¼
0:35225s2 þ 0:59870
ðs2 þ 0:24852sþ 0:99655Þðsþ 0:60077Þ : ð37Þ
Natural frequencies, quality factor and  can be determined as !01 ¼ 0:99827,
!02 ¼ 0:60077, Q ¼ 4:01687 and  ¼ 0:35225 by using Eqs. (37) and (31). Hence,K1,
K2 and K3 coe±cients can be calculated via Eqs. (33)–(35).
K1 ¼ 0:44905 ; ð38Þ
K2 ¼ 0:5863 ; ð39Þ
K3 ¼ 0:14597 : ð40Þ
Then, the output current of third-order low-pass elliptic ¯lter can be achieved by
using linear summation as de¯ned Eq. (41).
IElliptic ¼ 0:44905I1 þ 0:5863I2  0:14597I3 : ð41Þ
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Finally, DC control currents I01, I02 and I03 can be chosen as below to obtain elliptic
output.
I02 ¼ 0:3620I01 ; ð42Þ
I03 ¼ I01 ; ð43Þ
IQ ¼ 0:06198I01 : ð44Þ
6. Simulation Results
TSMC 0.35m Level-3 CMOS transistor parameters are used in PSPICE simula-
tions of the designed third-order square-root-domain current-mode low-pass But-
terworth, Chebyshev and elliptic ¯lters. Transistor dimensions are selected as
W=L ¼ 10m/10m for M1 M9 and W=L ¼ 220m/2m for M10 M21.
The supply voltage of the ¯lter circuit is selected as VDD ¼ 3V. The values of
three capacitances of the circuit are selected as C ¼ 40 pF. By changing the values of
the outer current sources, the simulations are realized to adjust the natural fre-
quency. The natural frequency changes between 195 kHz–693 kHz when the values of
the DC current sources I01 are changed between 20A–300A. As a result, the
natural frequency of the ¯lter can be adjusted in about 500 kHz frequency range.
The gain responses obtained for di®erent values of the DC current sources of the
third-order low-pass Butterworth ¯lter circuit are given in Fig. 2.
The phase responses obtained for the di®erent values of the DC current sources of
the third-order low-pass Butterworth ¯lter circuit are given in Fig. 3.
The time-domain response of the Butterworth ¯lter is shown in Fig. 4. The total
harmonic distortion is measured as 0.95% when a 690 kHz sinus signal that has 20A
peak value is applied to the input.
The natural frequencies of third-order current-mode low-pass Chebyshev ¯lter are
260 kHz, 405 kHz and 675 kHz for I01 control currents 40A, 100A and 300A,
respectively.
The gain responses obtained for the di®erent values of the DC current sources of
the third-order Chebyshev ¯lter circuit are shown in Fig. 5.
The time-domain response of the Chebyshev ¯lter is shown in Fig. 6. The total
harmonic distortion is measured as 1.4%, when a 675 kHz sinus signal that has 20A
peak value is applied to the input.
The natural frequencies of third-order current-mode low-pass elliptic ¯lter are
175 kHz, 375 kHz and 650 kHz for I01 control currents 19.8A, 100A and 300A,
respectively. The gain responses obtained for the di®erent values of the DC current
sources of the third-order elliptic ¯lter circuit are shown in Fig. 7.
The time-domain response of the elliptic ¯lter is shown in Fig. 8. The total har-
monic distortion is measured as 1.0% when a 650 kHz sinus signal that has sine-wave
input signal which has 10A peak value is applied to the input.
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Fig. 3. Phase responses of third order low-pass Butterworth ¯lter at di®erent values of I0 as a function of
applied frequency.
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Fig. 2. Gain responses of third order low-pass Butterworth ¯lter at di®erent values of I0 as a function of
applied frequency.
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Fig. 4. Time domain response of third order low-pass Butterworth ¯lter.
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Fig. 5. Gain responses of third order low-pass Chebyshev ¯lter at di®erent values of I0 as a function of
applied frequency.
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Fig. 6. Time domain response of third order low-pass Chebyshev ¯lter.
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Fig. 7. Gain responses of third order low-pass Elliptic ¯lter at di®erent values of I0 as a function of
applied frequency.
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7. Conclusion
Square-root-domain third-order current-mode low-pass Butterworth, Chebyshev
and elliptic ¯lters are proposed in this study. To design the third-order low-pass ¯lter
circuit, state-space synthesis method is used. This circuit consists of only MOSFETs
and grounded capacitors. The natural frequency of the ¯lter circuits can be adjusted
electronically by changing the value of outer current sources. The proposed ¯lter
circuits have various advantages such as the ability to be adjusted electronically,
requiring only MOSFETs and grounded capacitors, suitability to VLSI technologies,
suitability to low voltage/power applications and the ability to operate at high fre-
quencies. PSPICE simulations are given in order to con¯rm the theoretical analysis.
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